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ESS-1 (*M-9), Los Alamos National Laboratory

LOS ~.ltiMOS, NM 87545

Abstract——

Sulfur ●nd sulfur compounds have a wide range of ●pplications for their

fluid , electrical, chemical ●nd biochemical properties. Although low in

abundance on the Moon (NO.1% in mare soils]j sulfur is surface-correlated

and relatively ●xtractable. Co-production alf sulfur during oxygen

extraction from ilmenite-rich mare soils could yield sulfur in masses up to

10% of the m~aa of oxygen produced. Sulfur deserves eerious consideration

as ● lunar resource.

Introduction.— —

Volatile conatituenta such ●e molacular oxygen, nitrogen, water ●nd

hydrocarbons ●rc raro on the Moon, The ●bsence of ●u~h molecules is one of

the probloms that confronts prolongod lunar ●xploration or permanent lunar

bases. Th* light-weight compounds of the ●lemcnte from H to O ●re vital for

life, ●nd many of thesa ●lemante play important rolee ●e fuels, solvente,

●nd industrial chemicalc in proc~.ses thtt have became the necessit{~rn of

industrialized life on Zarth. The ccarcfty of thee~ ●letuonte on the Moon

t: :e raiees two balriara ●gainat ●asy ●xpanm:m intc space, one ●gainat the

sfmplc need to stey ●live and the othar against ●asy transplantation of

●arthbound industrial procesres.

With imagination tnie ●ases.watintne~d not be eo bleak. Living in spaca

will require ●daptation, but ~t also opene opportunities to reaeseas tha

ways in which we live ●nd ua~ available raaourcea. Sulfur on the Moon may
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well prove a satisfactory replacement for lighter volatile elements and

their compounds in some applications. It may even open new possibilities

and uses that surpass a mere duplication ~f what is already done on Earth.

Our present knowledge of lunar samples suggests that the best place to

collect sulfur on the Moon is from mare soils and rocks. Although sulfur is

not so abundant that it. is available without effort, it does rank llth in

weight abundance among the elemenrs .’naverage lunar mare rocks. Gibson and

Moore (1974) found that the high-Ti mare basalts, in particular, have high

sulfur contents, in the range of 0.16% to 0.27% by weight. These authors

also make the important point that lunar basalts actually have more sulfur

than terrestrial basialts, which seldom have more than 0.15%.

Although terrestrial basalts are relatively low in dispersed Bulfur

content, thiai sulfur i, ●xtracted ●nd concentrated by circulation of heated

water. This process results in the remarkable sulfur-rich environments at

mid-ocean spreading ridges, where base-rnetml mulfides ●re deposited in great

●bundance ●nd “unearthly” s!llfur-metat~olizing organiams proliferate.

Clearly we can not expect heated water tcI have concentrated sulfur on the

l’!oon. The relatively high sulfur contant of lunar mare baealt 12036,

howover, led Gibson ●t ●l. (1977) to spaculate on the r-esibility of Fe-FeS

segregation ●cid enrichment in some mare umgmaa. Discovery of sulfur-rich

ore bodies on the Moon would be ● major find that could ●ccelerate

●xploitation insnenaaly but, until their oximtence is ●ctually praven, lt

would be unwise to plan on their uee.

Another possible m-ans for natural concentration of lunar ~~.lfur mmy be

vepor transport and depoaitionj the ●bundane* of mulfur in volatile costings

on lunar pyroclastic glasa droplets ●trongly suggests that ●ulfur was

involved ●m a propellant gas in fire-f~untain typen of ●ruptiona (Butl*r and

Meyer, 1976). Howevet, tho ●nalyses of volatile coatings on glasa dropleto

suggast that significant amounts of sulfur ●re lost rather than trapp~d on

droplet nurfaces as ● result of pyroclael.ic ●ruption. For example, the

sulfur contcnta of the famous pyroclaetic “oranga glasn” deposit of Shorty

Crat(~r ●: Apollo 17 contains only 0.06-O.08X ●ulfur (Gibson ●nd Moo~e,1974),

wh~roas comparable chilled Apollo 17 lavse retain ❑or~ than 0.162 %ulfut.
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Unless geologic traps for volatile sulfur are found on the Moon (Perhaps in

vesicle pipes or lava tubes?), there is reason to believe that lunar

volcanic gasses have acted more effec~ively in the dispersal of sulfur than

in its concentration. The formation of soil on top of sulfur-rich lava

flows also results in relative sulfur loss,, probably through the combined

processes of sulfur volatilization by sm~~ll meteoritic impacts and of

diluzion by addition of sulfur-poor highlmd materials. For practical

purposes, the ranking of sulfur contents presently known in lunar samples is

about as shown in Table 1.

Table 1

High-Ti mare basalts (A-17) 0.16-0.27% (av. 0.21%)
Low-Ti mare baealts (A-12) 0.06-0.15% (av. 0.11%)
High-Ti mare soils (A-17) 0.06-0.13% (av. 0.10%)
Low-Ti mara soils (A-15) 0.05-0.06% (@V. 0.05%)
Highland rocks (A-16) 0.01-0.14% (av. 0.07%)
Highland soils (A-16) 0.0:3-0.09% (av. 0.062)

Data from Gibson ●nd Moore (1973, 1974), Gibson ●t ●l. (1977), Kerridge et
al. (1975), ●nd LSPET (1972). Note tha~ the ranges ●nd ●veragee citnd ●re
for spac~fic Apollo sf’us (12, 15, 16 and 17)~ th~ data Include possible
●nalytical differences between laboratories.

Although the richest known sources of sulfur ●re the high-Ti mare

baaalts, extraction of this sulfur would require ●nergy-inteneive crunhing

of hard rock. The ●aaiest source of sulfur is high-Ti mare coils, which

need not be crushed prior to ●ttraction of the dominantly surfaca-cor~olatad

sulfur. Tho minaralogic form of this surface-correlated sulfur is poorly

known; s-e may occur -s metal sulfates that ●rc readily volatilized to

produca S02 (D. RfcKay$ personal coamwnfcation,i 1988). Howover, depoaitn of

sulfides ●nd won ●lemental ●ulfur can not be ruled out. The simple haating

●xptrimenta of Gibson ●nd Moore (1973) on Apollo 1S ●rid 16 ●amplarn indicate

that at 7500C 12-30% of the soil sulfur can ba ●xtract~d, ●t 9500C 50-70% of

the ●ulfur in ●~tractad, ●nd ●t 1100oC 85-95% of the ●ulfur ia ●xtracted

(vacuum conditions, <2x10-6 torr). 140r.ovor, ●ulfur in not the only
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volatile element to be won. Heating of high-Ti pyroclastic deposits to

1200°C will provide some co-ge!ieration of Zn (0.01-0.03%), Na, K, Cl

(0.002-0.010%), F (0-0.02%), and other vapor-transported elements (Cirlin

and Houaley, 1979; Butler and Meyer, 1976, Meyer et al., 1975). Heating

will also be useful in the co-generation of small amounts of hydrogen (about

C.001-O.020%), helium (0,001-0.006%), carbon (0.004-0.028%), and nitrogen

(0.007-9.015%) that are surface-correlated in lunar soils (Williams and

Jadwick, 1980).

Thus, although sulfur is not richly concentrated on the Moon, it is

present in sufficient abundance and (on pyrcclastic particles) associated

with other potentially useful elements that make the mining of lunar sulfur

worth aerioua consideration. Ha*ever, this consideration will not go very

far if there is not e well-established ●et of ●nd uaee for the sulfur and

its co.,deposited elements. Sulfur has a broad range of chemical and

physical properties which may make it extremely useful. Perhaps most

importantly, sulfur and sulfur compounds have the capacity to substitute for

water in many ●queoua-bassd mechanical and chemical processee on Earth.

Sulfur research ie so broad ●nd diverse that we can not fully cover ita

terres~riel ●pplication in this short paper. Moreover, WC, can only begin

to speculate on the possible uaee of sulfur in ●pace. Our purposa ia rathei

to aaiggent several

of lunar nulfur.

broad catego~”lee;

sulfur ●lectrical

starting point. for more imaginative studies on the use~

These ●tarting points ●re discussed below undar thrae

(1) the use of sulfur fluid properties, (2) the use of

properties, and (3) the use of sulfur chamfcal ●nd

biochemical properties.

~be una of Sulfur Fluid Propart&~a—.

Puce sulfur ie fluid over ● broad rang. of t*mperatu:es. Depending on

crystal form, ●ulfur cnelte ●t 112.8°C (ofthorhombic) or 119.25°C

(monoclinic). Although the liquid doee not boll ~lntil444.6oC, it begins to

loao its low-tmpersture fluidity and beccme vary viscous ●t ●bout 1600C.

Figura 1 shows the variability of visco-ity with temperature. At lunar

daytirns t~mperacures (“1070C) ❑inimal ‘eat input would maintein sulfur as a

Iow-viacomity liquid.

I
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Contrasted with pure sulfur, S02 has a more useful range of fluid

properties and has Fhysical-chemical properties that can fit special

requirements. Sulfur dioxide is liquid between -75.52°C and -10.08°C, with

corresponding viscosities between 0.0068 and 0.0043 poise. This liquid is a

polar solvent, although its dipolar attractive field is weaker than that of

water. Where water is an excellent aol*?ent for strong dipoles, liquid S02

ia a better solvent for nonpolar or easily polarized molecules. Sulfur

dioxide is a good solvent for halogens and for olefinic and aromatic

hydrocarbons, but is a poor solvent for aliphatic hydrocarbons (Burow,

1970). The halogens are quite soluble in liquid S02; metal chlorldes are

highly soluble ●nd this property may be particularly important on the Moon.

There ia strong evidence that many of the metals (e.g. Zn and Ga) with high

boiling points that ●re found on the aurfacea of lur.arpyroclastic particles

were transported ●nd deposited as more volatile metal chlorides (Meyer ●t

al., 1975).

stripped ●nd

procaso.

ihare ●re

pon.ibilitiee

heat transfer

If this is the case, then these deposits might be easily

collected from pyrcclastic deposits uoing an S02 waahing

many potential uses of S02 as a fluid, Some ●ttractive

●re in refrigerant systams, in turbinas (Rankine cycle), in

systems (liquid phaso)~ in ha-t pipes (gas phaee), in.slurry

lines for regolith or waste transport, ●nd in hydraulic systems.

Availabili~y of S02 will open ● broad range of possibilities for controlling

●nergy snd materials on the Moon.

The Uce of Sulfur El~ctrical ProPort.Lee—

Sulfur, ●specially in Na-!3 combinations, has pot*ntial use in both solar

●norgy collection systems and h mtorage bstterios.

Solar Energy Conversion

Thor@ is considerable ●ctive research into Cu2S-based thin film soiar

tills and several sulfur-bearing photoolectrochemical (PEC) celle (Chopra

and Das, 1983). The thin-film solar celle ●mploy ● hetarojunetion betwe~n

two metal sulfidem, one of which ia CU2S (p-unction) ●nd tho other ●

aulfidc of Cd or ZnCd (n-junction). Such cells are utill being parfrcted~

T +4.
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efficiencies were around 7% in the mid-1970s but had risen to about 10% by

1981. One advantage of these cells is that they are, as the name implies,

thin films of relatively light mass. The cells a:e layered structures, with

layers as thin as a few tens or hundreds of angstroms deposited in ~equence.

Total thicknes? of the cell would typically be 5 to 50 ~m. The efficiency

of present Cu2S/CdS cells crests ●t light intensities between 20 and 120

mW/cm2, a range that includes the one-sun intensity of 50 mW/cm2. Although

the efficiency of this system is currently leas than half that of some

●dvanced photovoltaica systems now under investigation (InP or CaAs; Flood,

1986), there is a possible advantage in that the sulfur weld not have to be

imported.

In practice, the need for some material imports (mostly Cd) may be a

potential problem in production of thin-film solar cells on the Moon. Most

of the cell maas is Zn ●nd Cd, ●nd Cd ia critical to efficient thin-film

cells. Although there ia good reason to believe that both S ●nd Zn ●re

concentrated in lunar pyroclaatic deposits (0.02% Zn, Butler ●nd Meyer,

1976), Cd is not comparably ●riched. In ●ddition, once the cells ●re

produced, it is not known how well they might survive in the apace

environment. Still, thie is an ●nergy conversion system that ia worth

eerioua consideration. One por.entially ●dvantageous ●spect of the thin film

cells is tha ●violence that vacuum ●vaporation ia probably the beat method

for cell production (Chopra ●nd DaII, 1983). This is ona production system

that might mako good use of the free vacuum in ●pace.

An ●lternative ●pproach to the uae of ●ulfur in solar energy collection

is through a photoelectrochemical (PEC) ●ffect. Sulfur is important in the

●lectrolyte solution as ● “hole scavenger” ●t the photoanode. A well

studied PEC cell configuration uses a CdSe phatoanode with ● CdS interface

●gainst a,~ ●lectrolyte (Chopra ●nd Daa, 1983). One practical electrolyte

contains varioua proportions of Ua2Sv S9 ●nd NaOH (Ruasak ●t ●l., 1980).

The c-11 ●fficiencien obsorved ran~e from 3% to 8%. Aa with the thin film

CO1lS, a potontial drawback may b. tha nee. to import Cd and, in this case,

Se for lunar production. Economic study may well *how that it would be more

●dvantageous to form light photocells on Earth ●nd ●xprrt them intact to the
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Moon, or to rely on possible crude but rugged cells such as those that might

be made out of minimally processed lunar ilmenite (Meek et al., 1987).

Electrical Energy Storage

The grea~esc payoff in the use of indigenous lunar sulfur for electrical

applications may be in the in-situ production of relatively massive storage

batteries. Sulfur-based storage batteries have widespread applications 011

Earth. In addition to the ubiquitol~s Pb-Pb02.H2S04 battery (which,

unfortunately for lunar use, requires precious water), there is active

research in the development of molten electrolyte Na-S storage cells for

electric vehicles. These cells operate at about 300-3500C, with a two-stage

discharge that derives electrons from Na-to-Na+ oxidation by (1) 5S + 2Na +

Na2S5 and (2) 3Na2S5 + 4Na + 5Na2S3. The discharge voltage of the cell

varies with the reaction stage, from about 2.08 V for reaction (1) to 1.76 V

for reaction (2) (Bagotzky ●nd Skundin, 1980). Tha predicted cell

parformanca for the near future is 150-200 W-hr/kg. A schematic cross

section of a Nn-S storage battery is shown in Figure 2.

The electrolyte for the cell is s sodium polyaluminate (Na20.rA1203, with

n = 3-11) that if porous to Na+. This electrolyte is formed ●s ● ceramic

●nd ia difficult to inanufacture (Bagotzky ●nd Skundin, 1980); this component

●nd the porous graphite positivti electrode would probably have to be

supplied from Earth. The requirement for Na ●s well ●s S may be viewed

critically in terms of availability on the Moon, but there is some ●violence

for Na ●ssociated with the surface-deposited volatile= of lunar pyroclaatic

deposits (Cirlin ●nd Houeley, 1979). The sodium mineralogy ●nd ●bundances

in these deposits ● re poorly known, but the possible uee in bstteries

justifies further study. Should the indigenous lunar sulfur be found

insufficient, ● ueeful alternative may be to import NsOH which could be

proctssed ●ftar ●rrival to provide Na, 02, ●nd H20 (all cf great value on

tha Moon).

The Use of Sulfur Chemical ●nd Biochemical Properties

The chemical uses of sulfur ●ra so varied that we can only touch on ● few

in this paper. The ●xamples chosen ●ro thos~ that appear to the ●uthors to

havo important potontial supplications on the Moon.
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sulfuric Acid

Sulfuric acid usage is a common measure of industrial capacity on Erirth;

this acid has so many uses that is practically a genezic guide to

productivity. A large number of potential uses on the Moon might be

considered, bllt these must be weighed against the need to consume water in

the production of sulfuric acid. As one example of possible uses, the acid

could dissolve surface-deposited volatiles and agglutinate glasses from the

surfaces of metallic iron ‘ragments separated magnetically from lt.nar soil

(Haskin, 1985), Since the agglutinates themselves have some magnetism due

to fine-scale entrapped iron, an acid bath of crushed and soil might be

sufficient to separate metal from glass through Stokes’ law settling while

the iron Is being stripped of glass attachments. A very different example

of sulfuric-acid use would ba the destruction of organic waste as part of a

Closed Ecological Life Support System (“CELSS”; MacElroy et al.~ 1985).

Highly concentrated sulfuric acid can remove hydrogen and oxygen from some

organic compounds to produce water; simple plant sugars might be processed

in this manner.

The production of sulfuric acid on the Moon might occur as a variant of

the terrestrial contact process, In which S03 is made by catalytic oxidation

of S02 (over platinum or vanadium pentoxide) and b~~bbled through relatively

dilute eulfuric ●cid to produce concentrated acid. This process would

require oxygen input to oxidize the relatively reduced sulfur that occurs in

lunar regolith Sulfuric ●cid can also be produced by electrolysis of S02

in water (see section on thermochemical water-splitting, below). In a

closed ayetem, the depletion of water ●nd oxygen could be ❑inimized but some

10EB will probably be incurred and the benefit.emust be weighed against this

loee.

sulfur Sealanta

Lunar habitats muet be capable of maintaining ● preeaturized ●tmosphere.

Some redundancy in sealants to contain tho ●tmosphere ia desirable, and a

method of spray-impregnating walla of regolith or the internal surfaces of

lava tubes ❑ight be useful. Thioelastomera (Thiokole) can be mixed with

small amounts of molten sulfur to make extremely tough materials (Leclercq.
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1972). The production requirements of hard or rubbery coati.~gs are

presently too complex for simple extension to the Moon, but imaginative use

of organic waste with lunar sulfur might produce a useful sealant.

Thermochemical Water-Splitting

Water can be split into H2 and 02 for collection and cooling to provide

liquid ro,.ket propellant. On a smaller scale, water might be split for use

in hydrogen fuel cells. Fuel cells may be particularly useful if the water

is reclaimed at the exhaust. There are several options for producing H2

from water on the Moon; extraction from waste methane and electrolysis of

water are both possible. Thermochemical splitting of water, however, would

be advantageous where reactor power is available to provide a high-

temperature heat source. Dokiya et al. (1979) describe both an S02 hybrid

cycle and a S02-H2S cycle for thermochemical splitting of water. The S02

hybrid cycle uses electrolysis of S02 + 2H20 to produce H2S04 + H2, followed

by thermal dissociation of the sulfuric acid at 800-8500C to produce H20 +

S02 + 1/202. The S02-H2S cycle requires only heat energy (830°C), but has

four steps and requires input of both HzS and S02 as well as water. For

lunar applications the S02 hybrid cycle is probably most attractive because

of its relative simplicity (two steps instead of one) and the relative

conservation of sulfur as S02 (output ideally equals input, but is limited

by 70-80% conversion efficiency). The most significant drawback of this

method is the requirement for use of electrical as well as thermal energy.

Sulfur as a FluxinR A&ent

Sulfur is used terrestrially as a fluxing agent, In reducing the melting

points of glasses. This use may also be practical on the Moon, where glass

production may be aought for structural uses (Blacic, 1985). Experiments

with ~. variety of regolith-sulfur mixtures are needed to determine the

utility of such a process.

The Brimtme Rocket.—

Production of rocket propellants from lunar resources would be ● major

boon for expanded space exploration (National Commission on Space, 1986).

There has been considerable study of systems to produce oxygen from lunar

regolith, particularly from concentrates of lunar ilmenite (Cutler and Krag,

I
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1985; Gibson and Knudsen, 1985). Lunar sources of fuels to be oxidized,

however, are extremely scarce. Hydrogen is so rare that any use for

propellant would almost certainly require expensive imports, perhaps as

methane or ammonia from Earth (Friedlander, 1985). Other fuels such as

silane (SiH4; Rosenberg, 1985) might be produced in part from lunar

feedstocks, but would still require hydrogen imports. In contrast, sulfur

might provide a truly indigenous lunar fuel”

Some sulfur release will be an inevitable byproduct of lunar oxygen

production. Lunar oxygen production is targeted on mare regoliths with high

ilmenite content; these are also the regoliths with highest sulfur content

(0.06 to 0.13%; see Table 1). In an oxygen production plant such as Cutler

and Krag (1985) envision, the sulfur byproduct would be about 1% of the 02

masp pfodt~ced, assuming 0.1% collectable S in the ilmenite-enriched

feedatock. If the tailings from ilmenite enrichment are also processed for

sulfur removal, then total sulfur production would be about 10% of the 02

mass. These proportions permit serious consideration of a S-02 propulsion

system (a “brimstone” rocket).

The brimstone rocket could be fueled with liquid sulfur and liquid

cxygen, the sulfur being kept between 150-160°C where its viscosity is

lowest and it Is easiest to pump. Atomized droplets of liquid SU1’ jr would

be introduced with gaseous oxygen into the combustion chamber. Here the

exothenaic reaction to S02 would liberate 4598 kJ/kg S02 at a temperature

near 22000C. Isotropic expansion into the vacuum of the lunar environment

would result in an ideal exhausu velocity of 2916 mlsec, giving a specif:.c

impulse (I~p) of 298 seconds. Real nozzles operate at about 90% of the

ideal specific impulqe.

The specific impulse of the brimstone rocket would be useful for pogo-

sticking from one point to another on the lunar surface, far putting

payloads into lunar orbit, or for more ambitious missions beyond the Moon.

Using electrostatic mass ejection systems on the lunar surface, large

amounts of Rulfur fuel and oxygen could be gradually accumulated at Lagrange

launch points for deep-space exploration missions. Such remote low-gravity

fueling depots are attractive, but the advantages of such a system should be
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weighed against the hfgh ratio of payload to fuel mass that can be obtained

in launches directly from the lunar surface. To place a payload into a 100

km lunar orbit requires hat Lhe initial rocket mass at launch be 48%

propellant. This low propellant mass stems from the low lunar gravitational

acceleration and the Respectable specific impulse of the brimstone rocket.

A brimstone rocket leaving the Moon would have considerable room fot payload

and structural mass.

The exhaust gasses from the brim;tone rocket would be compatible with the

lunar environment. Sulfur dioxide is a condensable gas, which would

ultimately be deposited as coatings on the regnlith if released into the

lunar environment. This condensation mechanism will prevent ● significant

lunar atmosphere from developing to hinder scientific operations ●t A lunar

base. A large fraction of the sulfur fuel will. also stay within the lunar

environment. The impact of even a large-scale launch operation will be

mitigated because most of the brimstone rocket exhaust w1ll stay on the

Moon.

In contrast, rockets based on reduced metals ●nd excess oxygen (e.g., Mg-

02) will liberate large qu.,,tit~es of oxygen into the lunar environment.

This oxygen could build up to a significant ●tmosphere ●nd, worse yet,

provide oxidizing conditions which would ●lter the pristine reduc*d state of

the lunar regolith.

Sulfur for Plant@, Animale ●nd People

Sulfur is a neceeaary trace ●lement in the diets of many organisms,

including people. Powdered sulfur also has ueea in plant fertilization

(Leclarcq, 1972). The-c usos eauld probably be mat simply by ehe use of

unproccsa~d lunar coil in CELSS eystcma. For radiation protection, however,

it is worth considering the inclueion of ●mall-scale pharmaceutical

production of ●ulphydryl compounde in space for ●dvanced CELSS ●yateme.

Becaueo nitrogen ●nd other inert gasses will be ●carce on the Moon, it is

likely that the u~mospheres in luner hebitats will be oxygen-rich. One

consequence of thie may ba ● long-term increaee in susceptibility to

sicknaes and biological damage from ionizing radiation (von Sonntag? 1987).

Sulphydryl compounds are the most ●xtensively ●tudiod ●nd ●ffect’,e mesne of

I
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chemical prophylaxis against radiation damage (von Sonntag, 1987; IAEA,

1969) . The action of these compounds is still incompletely understood, but

the:e is considerable evidence that one of their effects is not entirely

unlike the role of sulfur in photocells, where the ability of sulfur to

assume a large variety of electrm shell configurations will not abide an

association with electron holes or active dharged radicals (see eection on

PEC p},otocells, above). Energy transfer from ionizing radiation into

biological materials produces target radicals, which will produce cellular

damage If left “unquenched”. Potentially damaging hydrogen ionization

induced in a biological target can release a proton, leaving ● t~rget

radical with chemical activity that may eventually result In permanent

damage. The aulphydryl compounds can split rapidly to donate ● replacement

hydrogen before permanent damage occurs (von Sonntag, 1987).

The amount of eulfur in ●ulphydryl compounds in ●ctually quits small.

Glutathione, ● well-stu ●d ●xample, has only one sulfur in ● molecule of 37

●toms (the rest being H, 0, N, ●nd C). These compounde are not heevy users

of sulfuz reaourcea, ●nd for the near future ●re probably best produced en

Earth ●ven if a use ia found for them in spmce. On the other hand, a flurry

of early rasearch into new eulphydryl compounds has now atagnmtal (von

Sonntag, 1987) but might be renewed if considered in terms of the space

●nvironment. The advances made in eynthosizing pharmace”.ticals under

microgravity condition~ may be ●pplicable to ●dvances in chsmical protection

from ionizing radiation. Ultimately, the use of lunar sulfur may play ●

role in ●xpanded human occupation of near-Earth space.

Conclusions— .—

It is fortuitous to find ● relatively ●bundant supply of ●ulfur on the

Moon. Although ●lemental sulfur kas not been proven to occur, ●ven the S02

that mey be released from metal ,’ulfates nould provide sulfur fuel ●. ●

byproduct of oxygen production for ● variety of uaas. In en ●nvironment

dawoid of gas-forming ●lsments, sulfur ham the potential to provide ●s

significant ●n impact on lunar dwelopment ●s coal ●nd petroleum had for the

induntrialitation of society on Earth.



Even at its low abundancs in lunar regolith, the -0. 1% of 8ulfur

svailable ecross uany thousands of square kilometers of high-Ti mare

regolith may be useful. Thermal proceacing of mildly crushed regol%th from

high-Ti bssaltic lavs ●reas ●t 1100oC could yield about one metric ton of

sulfur from ● patch of regolith 100 m x 100 m ●nd 10 cm deep. Figure 3

shows the possible scr,rsthat would be laft by much more ●xtensive mining in

two typea of regolith at the Apollo 17 site. Each scar haa ●n ●rea of ●bout

10 km2, but patch A would produce ‘1OOO metric tons of suifur from high-Ti

basaltic lava regoli~h whereas patch B would produce -700 metric tons of

sulfur with co-generation of the metals ●nd sodium that occur on the

surfaces of pyroclastic glasaes. Either patch would produce sufficient

●ulfur to lift ● payload of several hundred matric tons off of the Moon

using the brimstone rocket.

In practice these patchcm would not be nearly ●o regular or WC1l

contained! pstch A in particular would have to be gerrymandered to ●void

large craters in the baealtic lava regolith (the pyroclantic mantle is much

smoother, ●nd crater ●voidanco wmlld be less of ● problem in patch B). It

is possible that thaee mined sreat would not leeve visible scars. The meet

●fficient ●xtraction system could be s mobile procaeaing plant which would

return more than 99% of the processed regolith ●nd lesve no trtnch. Such ●

●ystem would be merely one more gecdcning ●vent ●t the lunar surface. The

depth of ●xcavation would be strongly process dependant (conaidaring plant

mobility vereus plant simplicity)~ shallow axcav~tion simplifies the mining

●quipment ●t the cost of making the plant more mobile.

If dedicated solely to sulfur ●nd ●aeociated volatile-element production,

the tharmal ●nergy required for thie plant would be ●bout 0,1 Mw-yr per

metric ton of sulfur (asauming 100% duty cycle). Significant ●nergy ●*ving8

might ba realised if sulfur production were piggybacked with oxygen

production, or if low-enargy uolvent ●xtraction of sulfur were developed to

replace thermal ●xtraction. Clearly, proccea development with ● clear

definition of ●nd use ia neceaaary if lunar ●ulfur ia to be taken aerioualy

arn ● potential resource. The beginnlcgs of this procees must be ● better

understanding of the ❑lneralosy ●nd parageneaea of sulfur ●nd ita co-

depooited ●lements ●t the lunar ●urfsce.

I



14

acknowledgments

This study was completed with the support of the National Aeronautics and

Space Administration ●nd the US Department of Energy. A review by Eric

Jones helped to improve the text ●nd the technical content of the paper.

references

Bagotzky V.S, ●nd A.M. $kundin (1980) Cells with solid ●nd molten

electroly~es . In Chemical Power Sources, Academic Prees, NY, 320-337.——

Blacic J.D. (1985) Mechanical properties of lunar materials under ●nhydrous,

hard vacuum conditions: Applications of lunar glass structural components.

In Lunar Baeee ●nd Svace Activities & the 21st Century (W,W. Mend@ll,—. .— .— ——

od.), The Lunar ●nd Planettry Inetitutc, Houston, 487-495.

Burow D.F. (1970) Liquid Sulfur Dioxide. In ~ Chemistry ~ Nonaweous

Solvcntst Vol. III (J.J. Legowaki, cd.), Academic Prems, New York, pp.——

137-185.

Butler P. Jr. and Meyer C. Jr. (1S76) Sulfur prevaile in coatings on glass

dropletst Apollo 15 graen mnd brown glasses ●nd Apollo 17 oranga ●nd black

(dwitrified) glasses. Proc. Lunar Sci. Conf. 7th, pp. 1561-1581.—. .— — — —

Ch~pra K.L. ●nd S.R. Da. (1983) Thin Film Solar Celle. Plenum Preee, New—— —.—

York, pp. 349-389 and 391-481.

Cirlin E.H. ●nd Hou.lcy R.Il. (1979) Scanning aug~r microprobe ●nd ●tomic

●bsorption studies of lunnr volcanic volatiloo. Proc, Lunar and Plet,~t.—. —

Sci. Conf. 10th, pp. 341-3!14,-— — -—

Cutler A.H. ●lnd P. Krag (1985) A catbothermel sch~rne for lunar oxygen

production. In Lunar Bases ●nd ~ace—.— . . ~ctivitiea & tho 21st ~entur~ (W.W,,.— —

14eadeli, cd.), The Lunar ●nd Planetary In@titute, Houston, 559-569.

Dokiya ii., K. Fukuda, T. Kmmyama, and H. Yokokawa (1979) A feasibility

●tuilyon thermochemical water-splftting cycles uaint ●ulfllrcompounds, In

~ &ELlkY sy~temL ML 2:$ Proc” 2nd World Hydrogan Energy Conf.,

Pergamon Press, NY, 499-512,



15

Flood D.J. (1986) Space solar CC1l research~ Problems and potential. In ~

Vol. 70A Phocovoltsics for Commercial Solsr Power Applications (D. Adler,—— —. ——

cd.), Proceedings of SPIE - The Int. Sot. for Optical Engineering, SPIE.

dellingham, WA, 34-39.

Fziedlander H.N. (1985) An analysis of alternate hydrogen sources for lunar

❑anufacture. In Lunar Bases ●nd Space Activities of the 21st (hJntUrY (W.W.—— . —— —.

Mendell, cd.), The Lunar ●nd Planetary Institute, Houeton, 611-618.

Gibson, E.K. Jr., Brett R., ●nd Andrawes F. (1977) Sdlfur in lunar baaalts

●s ● function of bulk composition. Proc. Lunar Sci. Conf. 8th, pp.—— -— —

1417-1428.

Gibson E.K. Jr, and Moore G.Id. (1973) Carbon ●nd sulfur distributions ●na

●bundancee in lunar finee. Proc. Lunar Sci, Conf. 4th, pp. 1577-1586.—.— —— —

Gibson E.IC.Jr, ●nd Moore G.W. (1974) Sulfur ●bundances ●nd die~ributions in

the valley nf Taurus-Littrow. Proc. Lunar Sci. Canf. &Q, pp. 1823-1837..—— ——

Gibson M.A. ●nd C.W. Knudsan (1985) Lunar oxygen production from ilmenite.

In Luna, Baees snd SDaca &ivitieo ~~ the 21et Century (W.W. Rendell,—— . .—

cd.), The Lunar ●nd Planetary Institute, Houston, 543-550.

Haskin L.A. (1985) Toward ● Spartan ●cenario for we of lunar matarials. In

Lunar )laaes @ SPQCO ~ctivitieg & the 21st Century (W.W. tlendell, cd.)

The Lunar snd Planatary Inotitute, Houston, 435-443.

IAEA (International Atomic Enargy Association) (1969) Rsdiation Dams~e ●nd—-—!

Sulvhydryl Compounds, Panel Proceedings Seriee, Int. Atomic Energy Ass.,

V{enna, 191 pp.

Kerrid8@ J.F., Kaplan I.R., ●ud Patroweki C. (1975) Evidenca for meteoritic

sulfur in the lunar rsgolith, ~roc. Lunar Sci. Conf, 6tht pp. 2151-2162.——

Laclorcq R. (1972) Coasnezcially important sulfur compounds. In Sulfur in—.

~ ~ horzanfc Ch.mj.try (A. Sonning, cd,), Marcel Drekkar Inc.,

Naw York, 207-221.

LSPET (Lunar Sampla Preliminary Examination Team) (1972) Preliminary

●xamination of Iunsr samples. In ~nollo ~ Preliminary Scionco l@ort@

NASA SP-315, Waehin8ton, D.C*, pp. 7-1 to 7-50.

tlac151royR.D., H’.P. Klein, ●nd MOM. Avorner (1985) The .volution of CELSS

I



16

Meek T.T., D.T. Vaniman, R.D. Blake, and F.H. Cocks (1987) Electromagnetic

energy ●pplied to and gained from lunar materials. In ~osium ’85: The—. .

First Lunar Davelownent Smnp—— osium (G.M. Andrus, Ed.), Lunar Development

Council, ?itman, NJ, S86-40a to S86-40e.

Meyer C. Jr., D.S. McKay, D.H. Anderson, ●nd P. Butler, Jr. (1975) The

source of aublimatea on the Apollo 15 green and Apollo 17 orange glass

●amplea. Proc, Lunar Sci. conf. 6th, pp. 1673-1699,—— —— ——

Muehlberger W.R,, R.M. Batson, E.A. Carnan, V.L. Freeman, M.H. Hait, H.E.

Holt. K.A. Howard, E,D. Jackson, K.B. Laraon, V.S. Reed, J.J. Rennileon,

H.H. Schmitt, D.H. Scott, R,L. Sutton, D. Stuart-Alexander, G.A. Swarm,

N.J. Traak, G.E. Ulrich, H.G. Wilshire, ●nd E.W. Wolfe (1973) Preliminary

geologic investigation of the Apollo 17 landing site. In APO11O ~

Preliminary Science Re~ort, NASA SP-330, Waehingtcm, D.C., pp. 6-1 to

6-91.

National Connniasion on Space (1986) ?ionearfng she Svace Frontier. Bantam.—

Beoka, NY, 211 pp.

Roeenberg S.D. (1985) A lunar-baeed propulefon ●yetem. In ~unar Bases ●nd—.

~c~ Activiti~ & ~h~ ~ Century (W.W. Mendell, ●d.), The Lunar ●nd

Planetary Institute, Houston, :69-176.

Rusoak M.A., J. Reichman, H, Witxke, S.K. Oeh, ●nd S.N. Chen (1980) Thin

film CdSe p},otoanodes for ●lectrochemical photovoltaic cells. Jour.

~ctrochom. Sot. 127, 72S-733.——

von Sonntq C. (1987) ~~ Qhcmica~ ~acia oJ ~$jation BioloMy. Taylor ●nd

Francis, NY, 515 pp.

Weact R.C. (ad.) (1982) ~nndboo~ ~ Ch~mistry _und ~hy.ica, 63rd ●ditior,, CRC

Preee, Boca Raton, FA, ?-46.

Williams R,J. and J.J. Jadwick (eds.) (1980) jlandbook ~ Lunar ~ateriale.

NASA k~feronce Pub. 1057, 120 pp.



figure captions

Figure 1. viscosity of liquid sulfur (gas free) as a function of

temperature (data from Weast, 1982).

Figure 2. A molten electrolyte Na-S battery (after Bagotzky and Skundin,

1980) .

Figure 3. A simplified version of ●n albedo map of the Apollo 17 landing

site (modified from Muehlberger ●t ●l., 1973). Massifs ●nd hills of the

non-banaltic highlands surround an ●mbayment flooded by high-titanium,

high-sulfur basalts (light pattsrn); the ●mstern part of the cmbaymant

includes ● terrain of very low ●lbedo (dark pattarn) which ia ●ttributed

by Muehlbergor ●t ●l. to ●n ●xtensivo pyroclastic mantle. Squarea A and B

show the dimcnsionn of 10 km2 x 10 cm doap patches mined out of tha

r~golith; A would yield z103 NT of sulfur ●nd B would yield -?x102 MT.
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?igura 1. Vimao. ity of liquid sulfur (gas frao) ●s ● function of

tmnparaturo (data from khaat, 1982).
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1980) .
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Figura 3. A ●lmplifiad varmion of ●n ●lb~do map of tha Apuilo 17 landing

sit- (modifi.d from Muahlbcrgor ●t ●l,~ 1973). F!asaifu and hills of tha

non-bamalcic highlanda surround an ●mbayman: floodad by high-titanium,

high-sulfur baaalts (light patt~rn)l tho ●astern part of tho embaymant

includat ● tarrain of v.ry low ●lbado (dark patcorn) wh.ch is ●ttribut~d

by Hughlbargor ●t ●l. to ●n ●xtonsiva pyrocltctic mantla. Squarao A snd B

~hw tha dimenaionm of 10 km2 x 10 cm damp patchea mined out of tha

ragolithl A vould ylsld ’103 H1’ of sulfur ●nd B vould ~-t~ld ‘7x102 MT.
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